The ubiquitin-proteasome system is implicated in cell apoptosis that is frequently dysregulated in human cancers. POH1/rpn11/PSMD14, as a part of the 19S proteasomal subunit, contributes to the progression of malignancy, but its role in apoptosis remains unclear. Here, we showed that POH1 expression was increased and associated with poor outcomes in three independent cohorts of patients with hepatocellular carcinoma (HCC), esophageal cancer (EC), and colorectal cancer (CRC). The knockdown of POH1 significantly inhibited tumor cell proliferation and induced apoptosis mediated by the mitochondrial pathway in vitro. Intratumoral injection of POH1 small interfering RNA (siRNA) significantly reduced the progression of tumor growth and induced apoptosis in vivo. Furthermore, p53 or Bim siRNA markedly attenuated the apoptosis induced by POH1 depletion. POH1 depletion resulted in cell apoptosis by increasing the stability of p53 and Bim and inhibiting their ubiquitination. Overall, POH1 knockdown induced cell apoptosis through increased expression of p53 and Bim via enhanced protein stability and attenuated degradation. Thus, POH1 may serve as a potential prognostic marker and therapeutic target in human cancers.
Introduction
Apoptosis is a programmed cell death, which is a highly regulated and controlled process essential for organisms to remove the damaged, dysfunctional, or excess cells [1] . Dysregulation in apoptosis may lead proteins (such as Bad, Bid, Bax and Bim) [2] . When the cells are suffering severe cellular damage or stress, the Bcl-2 family of proteins regulates apoptosis by controlling mitochondrial permeability and the release of cytochrome c. Released cytochrome c binds Apaf1 and forms an activation complex with caspase 9, which gives rise to the formation of apoptosome, which is responsible for induction of mitochondrial apoptosis [3] [4] [5] . Bim is a member of Bcl-2 family proapoptotic proteins, which translocates to mitochondria in response to death stimuli, including survival factor withdrawal [6, 7] . In addition, p53 is involved in the regulation of mitochondrial apoptotic pathway, mainly through the transcriptional regulation of the mitochondrial membrane Bcl-2 family proteins [8, 9] . Upon exposure of cells to certain stimuli (DNA damage, oxidative stress, etc.), the mitochondrial membrane permeability increases, resulting in the release of cytochrome c and the subsequent induction of mitochondrial apoptosis [10] [11] [12] . Cell apoptosis is frequently dysregulated in human cancers, and emerging evidence indicates that cancer cells adopt various strategies to override apoptosis [13, 14] .
The proteasome is an abundant multienzyme complex that provides the main pathway for the degradation of intracellular proteins in eukaryotic cells. The 26S proteasome consists of one 20S core complex for proteolysis and two 19S regulatory complexes for protein degradation [15] [16] [17] . Accumulating evidence indicates that the loss of control over the ubiquitin proteasome system may induce cell apoptosis [18, 19] . POH1, a deubiquitinating enzyme within the 19S proteasomal subunit, is responsible for substrate deubiquitination during proteasomal degradation [20, 21] . POH1 functions in various biological processes, including protein stability [22, 23] , aggresome clearance and disassembly [24] , cellular proliferation [25] double-strand DNA break responses [26] , and embryonic stem cell differentiation [27] . In normal cells, POH1 small interfering RNA (siRNA) may induce reduction in cell proliferation [28] . POH1 is also known to play an important role in the progression of tumors. For instance, siRNAmediated knockdown of POH1 had a considerable impact on cell viability and induced cell arrest in the G0-G1 phase, ultimately leading to senescence [28] . Wang et al. [29] proposed that the aberrant upregulation of nuclear POH1-mediated E2F1 stabilization promotes tumor formation in hepatocellular carcinoma (HCC). It is suggested that targeting POH1 may overcome proteasome inhibitor (such as bortezomib) resistance in multiple myeloma by inducing cell apoptosis [30] . Whether POH1 deregulation contributes to the intrinsic pathway of apoptosis in cancer is questionable.
In this study, we detected the expression of POH1 at both mRNA and protein levels in HCC, esophageal carcinoma (EC), and colorectal cancer (CRC) tissues and determined the relationship between POH1 and clinicopathological features of patients with these cancers. Furthermore, we observed that POH1 silencing induced cell apoptosis through an increase in the expression of p53 and Bim mediated by enhanced protein stability. Our study, therefore, describes a previously unknown mechanism that p53 and Bim expression is regulated by POH1 and its implication in apoptosis.
Materials and Methods

Patients, Tissue Specimens, and Follow-Up
A total of 461 paraffin-embedded HCC specimens, 216 paraffinembedded EC specimens and 314 paraffin-embedded CRC specimens were obtained from the archives of the Department of Pathology of the Sun Yat-sen University Cancer Center (SYSUCC) between January 2000 and December 2015. Fifty-nine cases of paired fresh HCC and adjacent nontumorous liver tissues, 12 cases of paired fresh EC and adjacent nontumorous esophageal tissues, and 20 cases of paired fresh CRC tissues and adjacent nontumorous colon tissues were collected from patients at the time of surgical resection for the determination of POH1 mRNA and protein expression. None of the patients received any chemotherapy or radiotherapy before the surgery. The follow-up period was defined as the interval from the date of surgery to the date of death or the last follow-up. This study was approved by the Institutional Review Board and Human Ethics Committee of SYSUCC.
Tissue Microarray (TMA) Construction and Immunohistochemistry (IHC)
Using a tissue array instrument (Minicore Excilone, Minicore, UK), a tissue core (0.6 mm in diameter) was punched from the marked areas and re-embedded. All specimens were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 24 hours and embedded in paraffin wax. The paraffin-embedded tissues sections were sliced into 4-μm sections and mounted onto glass slides. After dewaxing, the slides were treated with 3% hydrogen peroxide in methanol and blocked with a biotin-blocking kit (DAKO, Germany). After blocking, the slides were overnight incubated with POH1 monoclonal antibody (1:50, Abcam, US), p53 monoclonal antibody (1:50, Santa Cruz, US), and Bim monoclonal antibody (1:50, CST, US) in a moist chamber at 4°C. After washing thrice in phosphatebuffered saline (PBS), the slides were incubated with biotinylated goat anti-rabbit antibodies for 1 hour. The slides were stained with DAKO liquid 3,3′-diaminobenzidine tetrahydrochloride (DAB), followed by their counterstaining with Mayer's hematoxylin and observation under a microscope.
The protein level of POH1 was determined by semiquantitative IHC detection. The positively stained samples were scored as follows: 1, ≤25% of positively stained cells; 2, N25%-≤50% of positively stained cells; 3, N50%-≤75% of positively stained cells; 4, N75% of positively stained cells. The intensity of staining was scored according to the following standard: 0, negative staining; 1, weak staining; 2, moderate staining; and 3, strong staining. The final score was calculated by multiplying the percentage score by the staining intensity score. The scores were independently determined by two pathologists (Dr. Jing-Ping Yun and Dr. Yong Li). The median IHC score was chosen as the cutoff value for defining high and low expression.
Chemicals and Reagents
Dulbecco's modified Eagle's medium (DMEM) was obtained from Gibco (Gibco, Gaithersburg, MD). The radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor cocktail (P8340) and cycloheximide (CHX) was purchased from Sigma-Aldrich (MA, USA), and MG132 was from Millipore. Phosphatase inhibitors were supplied by Roche Diagnostics (Shanghai, China), and monoclonal antibodies against POH1 were purchased from Abcam (USA). Monoclonal antibodies against Bim, Bad, Bid, Bak, Bax, puma, Noxa, p21, Bcl-xl, caspase-3, and caspase-9 were purchased from Cell Signaling Technology (USA). Monoclonal antibodies against β-actin, p53, Mcl-1, hemagglutinin (HA), PARP1, ubiquitin (Ub), a nd horseradish peroxidase (HRP)-conjugated antirabbit and anti-mouse antibodies were obtained from Santa Cruz Biotechnology Inc (CA, USA). Cytochrome c was purchased from Affinity Biosciences (USA), and Annexin V-FLOUS double staining kit was from Roche (Basel., Switzerland). Other routine laboratory reagents obtained were of Commercial Sources Of Analytical (Guangzhou, China).
Cell Lines and Cell Culture
The human esophageal carcinoma cell line EC109 and human hepatic carcinoma cell line QGY-7701 were obtained from the Chinese Academy of Sciences (Shanghai, China). Human colorectal carcinoma cell line HCT116 was acquired from the American Type Culture Collection (ATCC, Manassas, VA), while HCT116 p53 −/− cells were a generous gift from Professor Tiebang Kang at SYSUCC. All of EC109, QGY-7701, and HCT116 are p53 wild-type cell lines. These cells were cultured in DMEM supplemented with 10% heatinactivated fetal bovine serum (FBS, HyClone, Logan, UT) at 37°C in a humidified atmosphere of 5% CO 2 .
Small Interfering RNA (siRNA) siRNA duplexes targeting POH1 (siRNA#1: 5′-GAACAAGU CUAUAUCUCUUUU-3′; siRNA#2: 5′-GGCAUUAAUUCAΜG GACUAUU-3′), p53 (siRNA#1: 5′-CCACUΜGAΜGGAGA GUAUU-3′; siRNA#2: 5′-TGCGTGTGGAGTATTTGGATG-3′), and Bim (siRNA#1: 5′-CCCAΜGAGUΜGΜGACAAAUTT-3′; siRNA#2: 5′-GACAGAGCCACAAGGGUAAUTT-3′) as well as a negative control (NC) siRNA duplex (forward: 5′-UUCUCC GAACGUGUCACGUTT-3′; reverse: 5′-ACGUGACACGUUCG GAGAATT-3′) were chemically synthesized by Shanghai Gene-Pharma Co. Ltd. (Shanghai, China). Transfection was performed using Lipofectamine RNAiMAX (Invitrogen; Carlsbad, CA) according to the manufacturer's instructions.
Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from clinical samples and cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA) following manufacturer's instruction. Reverse transcription was performed with random primers using M-MLV reverse transcriptase (Promega Inc., USA) according to the manufacturer's instructions. SYBR green-based realtime PCR was carried out to measure the expression of POH1, p53, Bim, and 18S using CFX Connect Real-time PCR system (Bio-Rad, USA). Primers designed were as follows: human POH1, forward: 5′-TTGCTATGCCACAGTCAGGA-3′ and reverse: 5′-AACAAC CATCTCCGGCCTTC-3′; human p53, forward: 5′-CAGCACAT GACGGAGGTTGT-3′ and reverse: 5′-TCATCCAAATACTCCA CACGC-3′; human Bim, forward: 5′-TAAGTTCTGAGTGT GACCGAGA-3′ and reverse: 5′-GCTCTGTCTGTAGG GAGGTAGG-3′; 18S, forward: 5′-TGAGAAACGGCTACCA CATCC-3′ and reverse: 5′-ACCAGACTTGCCCTCCAATG-3′. qRT-PCR conditions were as follows: initial denaturation at 95°C for 10 minutes and 40 cycles of 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds, and a final extension of 10 minutes. SDS 2.3 software (Applied Biosystems) was used to quantify and analyze the relative mRNA levels. Relative quantification of POH1 mRNA was performed using the 2 −ΔCt method. The experiments were performed independently at least thrice, and all samples were in triplicates.
Proliferation and Colony Formation Assays
After transfection with POH1 siRNAs or Flag (3 × Flag)-tagged POH1 plasmid and scramble siRNA or vector plasmid, the cells were seeded in each well of 96-well plates (3 × 10 4 cells/ml) in 100 μl medium and cultured for 5 days. The proliferation assay was performed by treating cells with 20 μl of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (5 mg/ml, AMRESCO, Solon, OH) for 4 h at 37°C. The formazan crystals formed were dissolved in dimethyl sulfoxide (150 μl/well). The absorbance of each sample was measured using a multilabel plate reader (PerkinElmer) at 490 nm wavelength. For the colony formation assay, 500 cells were seeded into six-well plates and incubated at 37°C in a humidified atmosphere containing 5% CO 2 for 10-14 days. Colonies were fixed with methanol, stained with 0.1% crystal violet, and counted.
Analysis of Protein Ubiquitination
We transfected QGY-7701, EC109, and HCT116 cells (10 7 cells) with UB-HA and POH1 siRNAs (or scramble siRNA), and 48 hours after transfection, cells were treated with 10 μM MG132 or DMSO for 9 hours. The total protein was extracted, and precleared cell lysates were incubated with protein A/G-agarose (Santa Cruz) and 8 μg Ub antibody overnight at 4°C. Precipitated proteins were dissolved in sodium dodecyl sulfate (SDS) loading buffer and fractionated by SDS polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were visualized by immunoblotting, and ubiquitination was detected with p53 or Bim antibody.
Apoptosis Assays
To detect the apoptosis induced by POH1, we first transfected QGY-7701, EC109, and HCT116 cells with POH1 or scrambled siRNA for 48 hours. The cells were collected by centrifugation and treated with Annexin V-FITC and propidium iodide (Annexin V-FLUOS Staining kit from Roche) for 15 minutes at 26°C in the dark according to the manufacturer's protocol. The cell suspension was immediately analyzed by flow cytometry (ACEA Novocyte, ACEA Biosciences, Inc, CA) to determine cell apoptosis. At least 2 × 10 4 events were collected for each sample at a flow rate of 80-100 cells per second.
For mitochondrial staining, each sample was incubated with JC-1 (Sigma-Aldrich, MO) at 37°C in the dark for 15 minutes followed by washing thrice with PBS. The samples were immediately analyzed using flow cytometry. At least 1 × 10 4 events were collected for each sample at a flow rate of 80 to 100 cells per second. The interest cell population was gated on the forward and side scatter to exclude debris and aggregates. For JC-1 fluorescence analysis, FL1 and FL2 channels were used for the detection of green fluorescence (488 nm) and red fluorescence (580 nm), respectively. The mitochondrial transmembrane potential (ψm) was characterized by the ratio of red/green fluorescence.
For Hoechst 33342 staining, cells transfected for 48 hours were washed twice with PBS and fixed with 4% paraformaldehyde containing 0.25% Triton X-100 for 10 minutes. Cells were treated with Hoechst 33342 for 15 minutes at room temperature in the dark. The excess of Hoechst 3342 was discarded. Cells were washed twice with PBS, and their morphology was observed under a fluorescence microscope.
In Vivo Tumor Growth
Male athymic nude mice (BALB/c-nu, 4 weeks, 18-22 g) were bred at the animal facility of the Center of Experimental Animals, Sun Yatsen University (China). In brief, each nude mouse was implanted subcutaneously under the right armpit with 5 × 10 6 relative cells (QGY-7701, EC109, or HCT116). Each cell line included three groups, and each group contained six or seven mice. Ten days later, the mice with each cell line xenograft were injected with the following reagents: (1) negative control (NC) siRNA duplex, (2) POH1 siRNA-1, and (3) POH1 siRNA-2. The injection was twice a week, and the tumor size was measured with digital calipers before injection. Two weeks later, the mice were sacrificed, and tumors were collected for further measurement. Five monitoring points for tumor volumes of mice were collected. The mean of tumor volumes was calculated using the following formula: volume = length × width 2 × 0.5. All animal studies were conducted with the approval of the Medical Experimental Animal Care Commission of Sun Yat-sen University Cancer Center.
Statistical Analysis
Statistical analysis was performed using SPSS software (version 19.0, Chicago, IL). Data from at least three experiments were depicted as mean values ± standard deviation (SD). Data for POH1 expression were analyzed using the Student's t test. Survival curves were evaluated with the Kaplan-Meier method (log-rank test). A multivariate Cox proportional-hazard regression model was constructed to evaluate the independent influence of POH1 on prognosis. Differences were considered significant for P value less than .05.
Results
POH1 Expression Is Increased and Associated with Poor Outcomes in HCC, EC, and CRC
The expression of POH1 was determined in fresh HCC tissues by Western blot and qRT-PCR analyses. The results showed that POH1 protein level was upregulated in six pairs of fresh HCC, EC, and CRC tissues ( Figure 1A1 -A3). A significant increase in POH1 mRNA expression level was observed in HCC (n=59), EC (n=12), and CRC (n=20) fresh samples as compared with the adjacent nontumorous tissues ( Figure 1B1-B3 ).
To further determine the upregulation of POH1 in HCC, EC, and CRC, three independent cohorts of patients with these cancers were recruited. TMA-based IHC analysis showed that the immunoreactivity of POH1 was mainly observed in the nucleus and cytoplasm of most cancer cells. POH1 expression was markedly increased in tumor samples as compared with the adjacent nontumorous tissues ( Figure 1C1 -C3, top panel). The alteration in POH1 expression was statistically significant ( Figure 1C1 
Kaplan-Meier survival analysis was conducted to determine the prognostic impact of POH1 in HCC, EC, and CRC patients. HCC cases (n=461) with high POH1 expression were often associated with a worse prognosis in terms of overall survival (log-rank test; P = .012; Figure 1D1 ). In addition, CRC cases (n=314) with high POH1 expression were also associated with a worse prognosis in terms of overall survival (log-rank test; P = .013; Figure 1D3 ). However, we failed to detect similar results in EC patients ( Figure 1D2 ). According to the mRNA levels of POH1 in 182 EC patients of TGCA dataset, high expression of POH1 suggests a trend of poor prognosis in terms of overall survival (log-rank test; P = .030; Supplementary Figure 1 ). Multivariate analysis indicated POH1 as an independent prognostic factor of overall survival in HCC (hazard ratio = 1.229, 95% confidence interval: 1.013-1.491, P = .036) ( Table 1 ) and CRC (hazard ratio = 1.848, 95% confidence interval: 1.031-3.310, P =0.039) ( Table 2 ).
POH1 Knockdown Inhibits Cancer Cell Proliferation
To investigate the potential role of POH1 in cancer progression, QGY-7701, EC109, and HCT116 cells were transfected with two POH1 siRNAs. The knockdown of POH1 expression in three cell lines was confirmed by Western blot analysis (Figure 2A ). MTT assay revealed that the knockdown of POH1 resulted in a significant inhibition of cell viability ( Figure 2B ). The colony formation assay confirmed that POH1 silencing reduced cell proliferation in HCC, EC, and CRC, as the number of colonies formed by POH1-silenced cells was much lower than that in the control groups ( Figure 2C ). The overexpression of POH1 protein in these three cell lines was confirmed by Western blot analysis ( Figure 2D ). MTT and colony formation assays revealed that the overexpression of POH1 failed to promote cell proliferation ( Figure 2E -F).
Intratumoral Injection of POH1 siRNA Decreases Tumor Growth and Induces Apoptosis In Vivo
To assess the effect of POH1 knockdown on tumor growth in vivo, each nude mouse was implanted subcutaneously under the right armpit with 5 × 10 6 relative cells (QGY-7701, EC109, or HCT116). Ten days later, the mice with each cell line xenograft were injected directly into the tumor with POH1 siRNA-liposome complex or scrambled siRNAliposome twice a week, and the tumor size was measured with digital calipers before injection. Two weeks later, the mice were sacrificed, and tumors were collected for further measurement. Intratumoral injection of POH1 siRNA significantly inhibited tumor growth as compared with the scrambled siRNA injection ( Figure 3A1, B1, & C1) . Furthermore, the tumor weight was lighter in POH1 siRNA groups as compared with the control groups ( Figure 3A2, B2, & C2) . The tumor volumes were significantly smaller in POH1 siRNA groups ( Figure 3A3, B3, & C3) . The analyses of terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay revealed more apoptotic cells in POH1 siRNA groups as compared to the control groups ( Figure 3D) , and the differences observed were statistically significant ( Figure 3E ). Analyses of IHC staining results of the xenograft confirmed that the expression of POH1 was lower in POH1 siRNA groups than the control groups, while the expression of p53, Bim, caspase-3, and caspase-9 was higher in POH1 siRNA groups as compared with the control groups ( Supplementary Figure 2) . These data suggest that the intratumoral injection of POH1 siRNA decreased tumor growth and induced apoptosis in vivo. 
POH1 Knockdown Induces Apoptosis of Cancer Cells via Mitochondrial Pathway
To determine the mechanism underlying apoptosis mediated by POH1 knockdown, we examined whether the intrinsic apoptosis was involved in this process. Following POH1 siRNA treatment for 48 hours, PARP1, caspase-9, and caspase-3 were activated, and the level of cytochrome c was increased in the cytoplasm ( Figure 4A ). Furthermore, knockdown of POH1 upregulated the protein levels of p53 and its targets such as p21, Bax, and Puma but not Noxa. As Bcl-2 family proteins play important roles in mitochondria-and caspasemediated apoptosis, we determined the expression profile of Bcl-2 family members. The proapoptotic protein Bim was notably upregulated in cells upon POH1 knockdown, but the expression of other apoptosisrelated proteins, including Bak, Bcl-xl, and Bid, remained unchanged ( Figure 4B ). In addition, knockdown of POH1 upregulated the protein levels of Mcl-1, but the overexpression of POH1 failed to affect the expression of MCl-1 (Supplementary Figure 6) .
We investigated the effects of POH1 depletion on cell morphology by staining QGY-7701, EC109, and HCT116 cells with Hoechst 33342, followed by their observation under a fluorescence microscope. Treatment of cells with POH1 siRNAs for 48 hours resulted in an increase in nuclear fragmentation and condensation ( Figure 4C ). POH1 knockdown induced HCC cell apoptosis. The average percentage of apoptotic cells was 47.1% and 49.4% in QGY-7701 cells transfected with two POH1 siRNAs versus 7% in control cells;
28.1% and 33% in EC109 cells transfected with two POH1 siRNAs versus 6% in the control group; and 49.6% and 44% in HCT116 cells transfected with two POH1 siRNAs versus 8% in the control groups ( Figure 4D ). JC-1 staining showed that POH1 knockdown increased the red-to-green fluorescence intensity ratio, indicative of the damage of the mitochondrial transmembrane potential-one of the signatures of apoptosis mediated by the mitochondrial pathway ( Figure 4E ). Thus, POH1 may regulate apoptosis via modulation of mitochondrial proteins.
POH1 Knockdown Attenuates Degradation of p53 and Bim
In this study, both p53 and Bim were upregulated after POH1 knockdown. As POH1 is a deubiquitinating enzyme responsible for substrate deubiquitination during proteasomal degradation, we determined whether POH1 binds to p53 or Bim and induces ubiquitination and proteasomal degradation. Both knockdown and overexpression of POH1 had no effect on the mRNA level of p53 and Bim, indicative of the posttranslational regulation of p53 and Bim by POH1 ( Supplementary Figure 3) . We studied the interaction between POH1 and p53 (or Bim) in QGY-7701 cells by coimmunoprecipitation ( Supplementary Figure 4) and examined if POH1 affected the half-life of p53 and Bim using CHX (protein synthesis inhibitor). We observed that p53 and Bim levels rapidly decreased in control cells following treatment with 20 μg/ml CHX for 9 hours. Knockdown of POH1 dramatically attenuated the degradation of p53 and Bim in QGY-7701 ( Figure 5A ), EC109 ( Figure 5B ), and HCT116 ( Figure 5C ) cells. POH1 knockdown decreased p53 and Bim ubiquitination in QGY-7701, EC109, and HCT116 cells ( Figure 5D & E) . These data confirmed that POH1 depletion attenuates the proteasome-mediated degradation of p53 and Bim. 
Knockdown of p53 or Bim Decreased Apoptosis Mediated by POH1 Depletion
We assessed if p53 and Bim were involved in apoptosis mediated by POH1 depletion. Cells treated with POH1 siRNA and p53 or Bim siRNA for 48 hours showed attenuation in the cleaved form of caspase-9 and caspase-3 as compared with those treated with only POH1 siRNA ( Figure 6A ). p53 or Bim siRNA markedly decreased the apoptosis driven by POH1 depletion. The average percentage of apoptotic cells was 35.2% and 30.5% in QGY-7701 cells cotransfected with POH1 siRNA and p53 or Bim siRNA, respectively, versus 48.2% in POH1-knockdown cells ( Figure 6B ); 18.5% and 14.9% in EC109 cells co-transfected with POH1 siRNA and p53 or Bim siRNA, respectively, versus 26.2% in POH1-knockdown cells ( Figure 6C ); and 31.2% and 29.5% in HCT116 cells co-transfected with POH1 siRNA and p53 or Bim siRNA, respectively, versus 45.1% in POH1-knockdown cells ( Figure 6D ). These data suggest the critical role of p53 and Bim in POH1-mediated apoptosis.
Discussion
As a deubiquitinating enzyme responsible for substrate deubiquitination during proteasomal degradation, POH1 is known to be upregulated in several cancer types [29] [30] [31] . However, the prognostic implication of POH1 is unclear. Here, we studied large cohorts of 461 patients with HCC and 314 patients with CRC and found that POH1 expression was markedly increased and closely correlated with poor prognosis. In addition, a large cohort of 216 patients with EC showed marked increase in POH1 expression, which had no closed correlation with poor prognosis; however, the high POH1 mRNA expression level in 182 EC patients of TCGA dataset suggests a trend of poor prognosis in terms of overall survival. Two recent studies revealed the correlation between high POH1 expression and poor overall survival in multiple myeloma and breast cancer [30, 31] . Our data are consistent with these studies, suggesting the potential role of POH1 as a clinically significant biomarker of poor prognosis in patients with HCC, EC, and CRC. POH1, a 19 S proteasomal subunit, has been shown to be involved in many biological functions, such as cellular viability [25] , cell cycle [31] , and double-strand DNA break responses [26] . The failure of DNA damage repair usually induces cell apoptosis, suggestive of the role of POH1 in apoptosis. We studied the oncogenic function of POH1 in solid tumors; knockdown of POH1 expression in QGY-7701, EC109, and HCT116 cells decreased cell viability and induced apoptosis. In addition, the intratumoral injection of POH1 siRNAs decreased tumor growth and induced apoptosis in vivo. Furthermore, POH1 silencing resulted in the activation of PARP1, caspase-9, caspase-3, and cytochrome c and upregulation of p53, p21, Bax, Puma, Noxa, and Bim. In addition, our results suggest that MCl-1 is upregulated after POH1 silenced, and several studies have shown that inhibitor of the 26S proteasome induced the expression of Mcl-1 [32, 33] . Taken together, we hypothesize that silence of POH1 causes dysfunction of proteasome and increases the expression of MCl-1. JC-1 staining showed that POH1 knockdown decreased mitochondrial transmembrane potential. Recent studies have suggested that knockdown of POH1 may induce cancer cell apoptosis [30, 31] . Taken together, POH1 knockdown may induce apoptosis mediated via mitochondrial pathway.
Our data show that p53 and Bim were upregulated in POH1knockdown cells. We, therefore, hypothesized that POH1 is an important regulator of p53 and Bim, which were involved in apoptosis. The regulation of p53 [34] and Bim [35] may affect cell apoptosis. We observed that p53 and Bim siRNA markedly decreased the apoptosis driven by POH1 depletion. As p53 siRNA and Bim siRNA failed to completely inhibit the apoptosis driven by POH1 depletion, the effect of POH1 knockdown may, at least in part, be dependent on p53 and Bim. In addition, our data showed POH1 knockdown induced higher apoptosis in HCT116 p53 +/+ cells as compared with HCT116 p53 −/− cells (Supplementary Figure 5) . Thus, we demonstrate that POH1 regulates cell apoptosis partially through the increased expression of p53 and Bim.
There are no reports on the regulation between POH1 and p53 or Bim. Given that p53 and Bim were upregulated in POH1knockdown cells, we evaluated the mechanism underlying p53 and Bim regulation mediated via POH1 depletion. As a key subunit of 19S proteasome, POH1 can regulate the stability of several proteins. We found that POH1 knockdown increased the protein level of p53 and Bim but failed to affect their mRNA levels. Furthermore, the half-life of both p53 and Bim was longer in POH1-knockdown cells, and the levels of ubiquitinated p53 and Bim decreased in POH1knockdown cells. Although it may seem a bit contradictory, we demonstrate that knockdown of POH1 (a deubiquitining enzyme) could diminish the ubiquitin modification of p53 and Bim, and we speculated there were some reasons. First, POH1 may affect some intermediate proteins that regulate p53 or Bim, such as JNK and PKM2, which could regulate the stability of p53 or Bim [35] [36] [37] . Similarly, as a deubiquitinating enzyme, USP22 silenced leads to increased FBP1 ubiquitination and decreased FBP1 protein occupancy at the p21 gene [38] . Unfortunately, knockdown of POH1 had no effect on the mRNA and protein level of JNK and PKM2 in our study (Data not shown). So we hope to detect other effective proteins involved in the regulation of p53 and bim in POH1-knockdown cells. In addition, some studies show that deubiquitination of substrates before association with the proteasome can rescue proteins from irreversible degradation, whereas deubiquitination of proteasome-associated substrates can either promote or prevent degradation, depending on the extent and timing of deubiquitination in relation to substrate release or proteolysis [20, 39, 40] . Collectively, we proposed that knockdown of POH1 would increase stability and inhibit ubiquitination of p53 and Bim.
These results suggest that POH1 may interact with p53 or Bim. We determined the interaction between POH1 and p53 (or Bim) in QGY-7701 cells by co-IP ( Supplementary Figure 4) . However, the specific interaction between POH1 and p53 (or Bim) needs to be further validated. Several studies suggest the involvement of the regulation p53 and Bim stability in apoptosis. For instance, Bim is essential for initiating the intrinsic apoptotic pathway, and its stability is shown to be regulated by protein kinase A [41] , pyruvate kinase M2 [35] , and differentiation-related gene-1 [42] . Furthermore, Zhang et al. [43] reported that TRAF6 not only inhibits p53 localization into mitochondria but also links p53 to K-63 ubiquitin chain, thereby accelerating p53 degradation and subsequently inhibiting cell apoptosis. Another study showed that knockdown of RNF2 induces apoptosis by enhancing p53 stability [44] . Together with these observations, we demonstrated that POH1 is very important for the stability and degradation of p53 and Bim and therefore suggest a new approach for the regulation of p53 and Bim in apoptosis of human cancers.
In summary, our data show that the expression of POH1 is remarkably increased in patients with HCC, EC, and CRC and is associated with unfavorable clinical outcomes. POH1 depletion, on the other hand, induces cell apoptosis by increasing stability and inhibiting ubiquitination of p53 and Bim. The intratumoral injection of POH1 siRNAs decreased tumor growth and induced apoptosis in vivo. This study suggests the potential role of POH1 as a prognostic marker and therapeutic target in human cancers.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.neo.2018.02.005.
